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INVESTIGATION  OF  THE  FLOW  THROUGH  A  SINGLE-STAGE 

TWO-DIMENSIONAL  NOZZLE  tN  THE  LANGLEY 

Xl-INCH  EYEERSONIC  TUNNEL 

By  Charles  H.  McLellan,  Thomas  W.  WUllams, 
and  Ivan  £•  Bechylth 


SUMMARY 


Flow  surveys  have  heen  made  in  the  second  of  several  nozzles  to  he 
Investigated  In  the  langley  U-lnch  hypersonic  tunnel.  The  single-stage^ 
tvo-dlmensional  nozzle  vas  designed  by  the  method  of  characteristics  for 
a  Mach  number  of  7.08  without  boundary-layer  corrections. 

The  test  results  show  that  reasonably  uniform  flow  at  an  average 
Mach  number  of  about  6.86  was  obtained  in  a  central  region  of  the  stream 
at  the  test  section.  This  region  had  a  cross  section  nearly  ^  inches 
square  and  had  a  deviation  from  uniform  flow  of  lees  than  1  percent  in 
^iach  munber  and  0.3®  in  flow  angle.  An  increase  in  Mach  number  of 
about  3  percent  occurred  during  test  runs  of  about  6o  seconds  duration 
because  of  distortions  of  the  boundaries  at  the  first  minimum  due  to 
nonuniform  heating  of  the  nozzle  blocks  during  the  tests. 


INTROIXJCTION 


The  increase  in  operating  speeds  and  altitudes  of  pilotless  aircraft 
has  created  a  need  for  basic  aerodynamic  data  In  the  hypersonic  speed 
range.  In  order  to  provide  such  data  and  also  to  investigate  the  prob¬ 
lems  involved  in  generating. uniform  hypersonic  flows,  an  11-inch  hyper¬ 
sonic  wind  tunnel  has  been  placed  in  operation  at  the  Langley  Aeronautical 
,  Laboratory. 

Tvo  of  sevezal  proposed  nozzle  designs  for  this  tunnel  have  been 
tested:  a  two-stage,  Mach  number  6.9^  nozzle  and  a  single-stage,  Hach 
number  7.08  nozzle.  The  characteristics  of  the  two-stage  nozzle  are 
presented  in  reference  1.  The  present  paper  is  concerned  with  the 
single-stage  nozzle;  the  results  of  the  calibration  surveys  are  presented 
and  some  of  the  problems  and  peculiarities  of  this  nozzle  are  discussed. 
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SYMBOLS 


Mach  nuniber 

settling-chamber  pressure 

settllng-chamher  teznperature^  degrees  Banklne 
local  stagnation  temperature^  degrees  Bankine 
stream  static  pressure 
toU  static  pressure 
measured  iit^act  presstire 

flow  angle  in  horizontal  plane,  positive  in  direction  of 
increasing  Y 

flow  angle  in  vertical  plane,  positive  in  direction  of 
Increasing  Z 

ratio  of  specific  he^ts  (l.^O  iised  throughout) 
coordinate  axes 

houndary-layer  displacement  thickness 

APPABATUS 


General  description.-  The  tunnel  and  equipment  used  in  the  operation 
of  this  nozzle  have  heen  described  in  detail  in  reference  1.  Briefly, 
the  tunnel  is  of  the  intermittent  type  with  a  hi^-pressure  tank  and  a 
vacuum  tank  of  capacities  of  400  eind  12>000  cubic  feet,  respectively.  A 
heat  exchanger  is  \ised  to  provide  stagnation  temperatures  up  to  1300°  B. 
The  heat  exchanger  used  in  the  present  tests  incorporated  steel  tubing 
in  place  of  the  copper  tubing  previously  used.  The  copper-oxide  scale 
mentioned  In  reference  1  was  thus  eliminated. 

A  variable-area  supersonic  diffuser  has  been  installed  since  the 
con5)letion  of  the  tests  with  the  two-stage  nozzle.  Its  effect  on  the 
operation  of  the  tunnel  is  to  Increase  the  length  of  a  typical  run  from 
about  30  seconds  to  a  maximum  of  about  90  seconds. 
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Another  change  affecting  the  operation  of  the  tunnel  Is  the  Instal¬ 
lation  of  a  pressure  regulator  iralve  upstream  of  the  heat  exchanger. 

The  valve  could  he  set  so  as  to  maintain  a  constant  settllng-chainber 
pressure  throughout  a  run  In  the  range  from  approximately  2  to  28 
atmospheres. 

Nozzle.-  The  nozzle  contour  vas  designed  hy  the  method  of  character¬ 
istics.  No  correction  for  boundary  layer  vas  made.  The  characteristics 
net  for  the  nozzle  vas  designed  to  expand  the  flov  In  two  dimensions  to 
a  Mach  number  of  7.08.  The  test  section  vas  10.^1  Inches  hlgh^  and  thus 
the  first-minimum  or  thz^oat  height  vas  0.09^  Inch.  The  vldth  of  the 
nozzle  vas  9*9^  Inches.  A  viey  of  the  nozzle  vith  the  side  plate 
removed  Is  given  In  figure  1^  vhlch  Illustrates  the  small  relative  size 
of  the  throat.  The  usual  method  of  design  vas  used^  vhereln  the  arbi¬ 
trary  part  of  the  nozzle  contour  vas  formed  by  a  faired  curve  through 
the  midpoints  of  1^  stral^t-llne  vail  increments.  Each  increment  vas 
turned  2^  outvard  with  respect  to  the  preceding  one  and  had  a  fixed 
projected  length  of  one-half  the  throat  height.  The  calculated  contour 
ordinates  are  given  in  table  I. 

The  nozzle  blocks  vere  machined  to  an  accuracy  of  the  order  of 
0.001  inch;  however^  a  permanent  varpage  of  the  nozzle  blocks  of  as  much 
as  0.00^  inch  has  since  been  observed.  The  nozzle  Is  of  fabricated 
construction  as  shovn  In  figure  2.  The  si^port  members  and  side  plates 
are  made  of  plain  carbon  steel  but  the  contoured  vails  are  of  stainless 
steel  to  avoid  corrosion. 


INSTRUMENTATION 


The  Instruments  used  for  obtaining  the  flov  measurements  In  this 
nozzle  are  In  most  respects  the  same  as  those  used  In  the  tvo-stage 
nozzle  (reference  l).  Further  discussion  as  to  the  accitracy  of  the 
pressure  recording  Instruments  Is  desirable  herein^  hovev^^  because  of 
the  lover  range  of  operating  pressures. 

The  maximum  error  of  the  pressure  cells  can  be  held  to  0.01  Inch 
of  deflection  vith  careful  calibration  and  use.  Full-scale  deflection 
from  all  cells  Is  approximately  2  inches;  therefore^  the  accuracy  of 
any  particular  reading  depends  on  the  range  of  the  cell  used  and  the 
pressure  measured.  The  lovest  range  and  hence  the  most  accurate  lov- 
pressure  cell  available  at  this  time  Is  one  vith  a  range  of  0  to  0.8  inch 
of  mercury.  This  type  of  cell  Is  accurate  to  2  percent  at  the  range  of 
static  pressures  normally  encountered  In  the  test  section.  More  acciirate 
Instruments  cannot  be  used  because  of  the  short  durations  of  the  runs 
and  the  variations  in  flov  conditions  vith  time. 
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METHODS  AHD  PROCEDURES' 


Wall  pressures.-  Wall  pressures  along  fbe  nozzle  are  o'btalned  from 
0,025-inch-dlameter  orifices  In  the  side-wall  plates.  Standard  ^-:^ch 

trass  fittings  and  copper  or  neoprene  tuhlng  are  used  to  transmit  the 
wall  pressures  to  the  Instznments. 

Stream  static  pressures.-  Stream  static  pressures  are  measured  with 
”needle"  prohes.  The  prohe  consists  of  a  cone-cylinder  tody  l/8  inch  in 
diameter  with  four  pressure,  orifices  0.025  inch  in  diameter  drilled  90® 
apart  around  the  periphery  of  the  cylinder.  In  order  to  determine  the 
test  prohe  proportions^  an  investl^tion  was  made  of  the  effect  of 
orifice  location  and  cone  angle  on  the  pressures  measured.  Theoretical 
calculations  at  a  Mach  number  of  6.7^  and  for  8Ln  included  cone  single  of 
20®  showed  that  the  surface  pressure  on  the  cylinder  was  93  percent  of 
stream  pressure  at  16  diameters  from  the  apex  of  the  cone.  E:q>erimental 
results  showed  that  with  an  included  cone  angle  of  10®  no  measurable  ' 
difference  in  surface  presstare  could  Hse  obtained  from  8  to  4o  diameters 
from  the  apex.  Variation  of  the  cone  angle  from  10®  to  i*0®  produced  no 
change  in  pressure  at  16  diameters  from  the  apex.  However^  the  measured 
pressuz^e  was  sensitive  to  the  distance  of  the  orifices  from  the  probe 
support  strut.  Satisfactory  results  were  obtained  with  the  orifices 
located  a  miTiiTmim  of  l6  diameters  from  the  si^jport  strut. 

The  tests  indicated  that  a  probe  with  an  orifice  location  of 
l6  diameters  from  the  apex  and  30  diameters  from  the  strut  and  an 
included  cone  angle  of  10®  will  measure  stream  static  pressures  within 
the  accuracy  of  the  press\ire  instruments.  These  probe  proportions  were 
used  on  the  static  survey  rahe  illustrated  in  figure  3*  The  leadout 
tubes  to  the  ^essure  cells  are  about  3  feet  long  and  have  an  inside 
diameter  of  1/8  inch. 

The  time  response  of  this  system  is  less  than  10  seconds  for  a 
change  in  pressure  from  2  inches  of  mercury  to  within  2  percent  of  a 
final  constant  value  of  0.2  inch  of  mercury.  The  effect  of  lag  was 
minimized  by  evacuating  the  nozzle  and  pressm^e  instruments  to  less  than 
2  inches  of  mercury  before  a  run. 

The  center-line  survey  of  the  stream  static  pressures  was  made  with 
a  single-needle  probe.  The  needle  itself  is  about  times  larger. than 

but  has  approximately  the  same  proportions  as  those  on  the  static  rake. 

Impact  pressures.-  The  la^jact-pressure  surveys  were  made  with  a 
rake  similar  to  the  itatlc-pressure  rake  in  figure  3*  The  static  tubes 
shown,  however,  were  cut  off  square  3/^  inch  from  the  leading  edge  of 
the  rake  to  foim  lii^ct-press\ire  tubes.  The  diameter  of  the  opening  in 
the  end  of  the  tribes  is  one-half  the  outside  diameter  of  the  tubes. 
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Stagnation  teng)eratiire«-  The  stagnation-ten^ieratiire  surveys  were 

made  with  the  ten5)erature  probe  described  in  reference  !•  Although  the 
tengperature  measured  by  this  probe  may  be  as  much  as  2  percent  lower 
than  the  true  stagnation  ten^erature^  comparative  values  in  a  survey 
should  be  much  more  accurate. 

Flow  angles.-*  A  10^  wedge  of  9-iuch  span  and  2- inch  chord  was  used 
to  measure  flow  angles.  The  wedge  has  seven  pairs  of  opposing  orifices 
1  inch  from  the  leading  edge  and  1  inch  apart.  The  difference  in 
pressure  across  the  opposing  orifices  and  the  local  Mach  number  from 
the  static-  and  la^ct-pressure  surveys  were  then  used  to  calculate  the 
local  flow  angle. 


OEERATING  COKDITIOIJS 


For  the  puxpose  of  making  calibration  surveys  of  the  nozzle  certain 
operating  conditions  are  held  to  close  limits.  The  settlizig-chamber 
tenperature  is  maintained  above  1100®  H  to  avoid  the  possibility  of 
liquefaction  of  the  air  in  the  test  section.  The  TnAviTniTm  dew  point  is 
1*00®  R  at  a  pressure  of  1  atmosphere.  Progressive  changes  in  flow  param¬ 
eters  have  been  found  to  occur  if  both  of  these  conditions  were  not 
satisfied. 

> 

The  stagnation  conditions  for  a  typical  run  are  shown  in  figure  k. 
The  settling-chamber  pressure  pQ  is  held  constant  by  the  pressure 
regulating  valve  after  the  first  5  seconds  of  running  time.  The 
settling-chamber  ten^erature  To  is  essentially  constant  for  the  last 
30  seconds  of  the  run.  This  figure  also  shows  the  variation  with  time 
of  the  stream  static  and  Impact  pressures  in  the  test  section. 

The  test  Reynolds  number  per  foot  of  length  is  relatively  higpi 
because  of  the  high  velocity  and  the  low  viscosity.  At  the  test  section 
the  Reynolds  number  per  foot  is  about  3  x  10^  for  a  stagnation  pressure 
of  25  atmospheres. 


RESDITS  ARD  DISCUSSION 


Variation  of  flow  properties  with  time.-  The  results  of  a  typical 
xun  show  that  the  stream  static  and  In^ct  pressures  in  the  test  section 
decrease  with  time.  This  effect  was  present  in  all  stream  pressure  data 
obtained  and  in  most  of  the  wall  static-pressure  data  ahead  of  the  test 
section. 


6 


KACA  TN  222a 


The  pressuz^  changes  Indicate  about  a  S-percexrt  increase  In  stream 
Mach  number  during  the  time  interval  from  10  to  60  seconds.  The 
pressures  measured  in  the  portion  of  the  run  from  0  to  10  seconds  must 
be  largely  ignored  because  of  the  rapidly  changing  conditions  and  because 
of  instrument  lag. 

The  changing  flov  conditions  in  the  stream  can  be  accoimted  for  by 
an  invard  movement  of  the  effective  boundary  at  the  throat.  Because  of 
the  slitlike  configuration  of  the  throat  a  change  in  its  dimen¬ 

sions  results  in  a  relatively  large  percentage  change  in  its  area.  Thus 
an  inward  movement  of  both  the  top  and  bottom  effective  boundaries  of 
about  0.006  jpf^h  changes  the  effective  cme-dimenslonal  area  ratio  enou^ 
to  increase  the  Mach  number  by  3  percent. 

Measurements  show  that  the  nozzle  -blocks  have  taken  a  permanent  set 
in  the  region  of  the  throat.  The  largest  deflection  is  in  the  center  of 
the  blocks  such  that  the  throat  opening  is  somewhat  oval-shaped  with  an 
average  increase  in  the  Z-ordinate  of  0.00^  inch.  The  large  sin^esses 
necessary  to  cause  this  peimanent  set  probably  originated  from  the  non- 
uniform  heating  of  the  blocks  during  a  run.  Since  these  temperature 
stresses  are  of  sufficient  magnitude  to  cause  a  permanent  set,  it  seemed 
reasonable  to  escpect  measurable  deflections  during  a  run.  Accordingly^ 
several  dial  indicators  were  set  up  along  a  line  parallel  to  the  Y-axis 
at  X  *  0.  The  indicators  were  arranged  to  bear  at  points  about  l/2  Inch 
from  the  inside  surface  of  the  nozzle  contour  as  shown  in  figure  2. 

Three  indicators  were  located  at  the  top  and  three  at  the  bottom  of  the 
nozzle.  In  order  to  show  any  relative  change  in  the  throat  opening,  all 
six  indicators  were  mounted  on  the  same  frame  which  was  suspended  from 
a  single  point  at  the  top  of  the  nozzle.  At  a  stagnation  tez^rature  of 
1150^  H,  the  measurements  showed  that  both  the  top  emd  bottom  surfaces 
were  warping  inward  at  the  rate  of  about  0.001  inch  every  10  seconds  at 
Y  -  0.  At  the  side  walls  the  deflection  decreased  to  essentially  zero. 

At  60  seconds  the  Z-ordinate  in  the  throat  at  Y  -  0  was  about  0.0^ 
inch  less  than  the  design  value  of  0.0479  inch.  During  the  time  interval 
from  10  to  60  seconds  the  throat  area  thus  decreased  from  approximately 
0.508  to  0.461  square  inch.  Within  the  accuracy  of  the  data,  this  change 
is  sufficient  to  account  fully  for  the  increase  in  Mach  number  with  time 
observed  in  the  test  section.  At  a  stagnation  tenperature  of  530°  R  no 
measurable  deflection  was  obtained  and  the  pressures  'in  the  test  section 
were  constant  throughout  the  run  (except  for  lag  effects). 

Another  possible  contributing  factor  for  a  part  of  the  Mach  number 
variation  with  time  is  an  Increase  in  boundary-layer  displacement  thick¬ 
ness  b*  as  the  inside  surfaces  of  the  nozzle  blocks  become  heated 
during  a  run.  Estimates  based  on  slzplif  ied  methods  of  boundary-layer 
calculation  with  no  heat  transfer  indicated,  however,  that  the  boundary 
layer  in  the  throat  was  so  thin  that  even  if  it  were  decreased  by 
100  percent  the  change  in  the  effective  throat  area  would  be  small 
compared  with  the  changes  caused  by  warpage  of  the  nozzle  blocks. 
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Variation  of  flow  parajnetere  vlth  settling^chamber  pressure."  Stream 
presBiare  surveys  ver*e  made  at  (55.8^0^2)  through  a  range  of  settling- 
chamber  pressiures  from  25  to  3  atmospheres.  The  stagnation  temperature 
was  maintained  above  1110°  R.  The  averages  of  the  pfessiure  ratios  at 
several  vertical  stations  are  plotted  in  figure  5  as  functions  of  Pq. 

The  Mach  number  as  obtained  from  Pi/Pt  is  also  plotted.  The  figure 
shows  that  the  change  in  the  static-  and  In^ct-pressiure  ratios  is  such 
that  the  Mach  number  is  almost  constant  down  to  a  value  of  Pq  of 
12  atmospheres.  Below  12  atmospheres  the  pressiure  ratios  increase  more 
rapidly  and  Indicate  that  the  Mach  number  decreases  to  about  6.2  at 
Po  =  3  atmospheres.  The  exact  decrease  in  the  Mach  number  is  not 
certain  becaiise  of  the  difficulty  of  obtaining  accurate  measurements  of 
the  static  pressure  over  the  lower  range  of  settling-chamber  pressure. 
Measurements  of  shock  angles  from  the  static  probes^  however^  result  in 
a  Mach  number  decrease  of  about  the  same  magnitude  as  obtained  from 
pressure  data.  It  is  thus  fairly  certain  that  the  average  stream  Mach  • 
number  at  Pq  =  3  atmospheres  is  between  6.00  and  Comparison  of 

these  values  with  the  Isentroplc  Mach  number  from  the  impact-pressure 
data^  for  example^  shows  that  a  total -pres  sure  loss  of  about  20  percent 
occurs  for  the  initial  stagnation  pressure  of  3  atmospheres.  A  possible 
cause  for  this  total-pressure  loss  is  a  series  of  coznpresslon  waves 
which  appear  to  exist  at  the  low  pressures.  The  presence  of  these  waves 
was  indicated  by  the  type  of  static-pressure  distribution  obtained  at 
low  densities.  The  In^ct-pressure  distributions  showed  that  the 
boundary  layer  in  the  test  section  had  not  thickened  appreciably  at  the 
low  densities.  For  these  reasons  the  viscous  effects  in  the  center  of 
the  stream  are  probably  not  the  main  cause  of  the  loss  in  total  pressure. 
Seme  reduction  in  heat  transfer  to  the  nozzle  blocks  should  be  expected 
to  result  from  the  lower  density.  This  reduction  would  cause  only  a 
very  small  decrease  in  Mach  number  as  compared  with  the  change  that 
occurs  from  12  to  3  atmospheres. 

•  Calibration  surveys.  -  In.  order  to  determine  the  flow  characteristics 

in  the  nozzle^  stagnation  conditions  were  maintained  at  about  25  atmos¬ 
pheres  and  approximately  1200°  R.  The  dew  point  at  atmospheric  pressiure 
was  less  than  ^0°  R.  All  data  presented  were  taken  66  seconds  from  the 
beginning  of  the  runs  in  order  to  minimize  the  effect  of  nozzle  warpage 
with  time.  The  warpage  of  the  first  TninImuTn  during  the  heated  runs  is, 
of  course,  affected  by  several  factors  such  as  the  stagnation  temperatiure, 
the  initial  tes^erature  of  the  nozzle  blocks,  stagnation  pressure,  and 
even  the  variation  of  the  temperature  and  pressure  with  time.  In  general, 
for  the  calibration  runs,  these  conditions  do  not  vary  greatly  so  that 
their  individual  effects  are  small;  however,  scatter  in  the  data  results. 
The  first  several  runs  made  with  the  nozzle  have  not  been  used  because  of 
difficulty  in  repeating  the  data.  The  nozzle  was  probably  acquiring  the 
permanent  set  in  the  throat  region  during  these  first  runs,  and  therefore 
progressive  changes  in  the  flow  occurred. 
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Static  pressures  were  measured  at  a  large  zrumiber  of  points  on  the 
parallel  vails  of  the  nozzle*  The  results  of  this  survey  are  presented 
as  pressure  contour  lines  in  the  lover  half  of  figure  6*  For  comparison 
the  theoretical  contours  are  shovn  In  the  upper  half  of  the  figure*  The 
orifice  locations  are  Indicated  hy  sms, 11  crosses* 

The  actual  contour  lines  upstream  from  the  region  of  —  =  3  X  10  ^ 

Po 

are  in  good  agreement  vlth  the  theoretical  contours*  Dovnstream  from 
this  region  the  flov  deviates  from  the  theoretical  flov.  However^  the 
gradients  are  relatively  small  In  this  region  and  the  contour  plot  over- 
ezziphaslzes  the  deviations*  Since  boundary  layer  was  ignored  In  the  nozzle 
design,  the  flov  is  not  expected  to  conform  exactly  to  the  potentieil  flov* 
Dovnstream  from  X  =  ^  the  ^adients  may  he  influenced  slightly  hy 
smali  leaks  in  the  vails  of  the  nozzle*  ^ese  leaks  had  no  effect  in 
the  central  portion  of  the  stream  in  the  region  of  the  test  section 
because  of  the  small  Mach  angles  of  the  flov* 

•  I 

The  Mach  number  along  the  center  line  of  the 'parallel  vails  vas 
determined  from  Pw/p©  for  7  =  1.^0*  The  resulting  Mach  number  dis¬ 
tribution  is  plotted  In  figure  7^  vhich  includes  the  theoretical  dis¬ 
tribution*  The  Mach  number  decreases  as  the  test  section  is  approached  ■ . 
and  is  always  lover  than  the  maximum  theoretical  Mach  number. 

Static  and  Irpact  pressures  were  measured  along  a  part  of  the 
longitudinal  axis  of  the  nozzle.  This  survey  extended  from  the  center 
Of  the  test  section  (55*8^0,0)  to  a  point  about  l6  Inches  upstream.  The 
data  are  presented  in  figure  8  as  the  ratio  of  local  pressure  to  settling- 
chamber  pressure*  Comparison  of  the  Mach  number  distributions  as  obtained 
from  Pi/Po  Pt/Po  slices  close  agreement*  This  agreement  Indicates 

that  the  flov  along  the  axis  is  nearly  isentropic;  however,  the  Vavy 
-distribution  indicates  that  a  series  of  weak  conpresslon  and  expansion 
waves  are  present  along  the  center  line* 

Conplete  surveys  were  made  of  the  static  and  impact  pressipres  in 
the  plane  perpendicular  to  the  longitudinal  axis  of  the  nozzle  at 
X  =  55# 8#  The  results  of  the  horizontal  suirveys  at.  Z  =  1,  -1,  and  0 
are  shown  in  figure  9*  The  results  of  the  vertical  surveys  at  Y  =  2^ 

0,  and  -2  are  shown  in  figure  10*  The  faired  curves  represent  averages 
of  a  large  number  of  runs* 

Most  of  the  static-pressure  data  show  an  appreciable  amount  of  ' 
scatter*  Since  the  static  pressure  is-  very  low  (about  0*2  in./Hg)^ 
about  3-percent  error  is  due  to  instrumentation  difficulties  and  meas¬ 
uring  technique*  Much  of  the  remaining  scatter  is  due  to  the  sensitivity 
of  the  flov  to  gmaii  changes  in  the  boundaries  at  the  narrow  slitlike 
throat*  Factors  that  cause  these  changes  have  been  discussed  deviously* 
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The  intact-pressure  distributions  in  figure  9  indicate  the  presence 
of  a  boundary-layer  development  vhich  seems  to  be  'characteristic  of  two- 
dimensional  nozzles.  This  type  of  boundary-rlayer  development  is  the  low- 
velocity  region  that  extends  farther  into  the  flow  along  the  center  line 
of  the  side  plates  than  on  either  side  of  the  center  line.’  •  The  same ‘type 
of  boundary-layer  development  was  encountered  in  the  first  e35pansion  of 
the  two-stage  nozzle  (reference  l).  '  . 

The  Mach  number  distributions  in  the  test  section  are  presented  in 
figures  11- and  12  as  calculated  from  the  ratios  Pj^/Pq^  Pt/Po^ 

Pl/Pt*  The  last  ratio  involves  ,only  local  measurements  and  Its  use  to 
determine  the  Mach  number  does  not  require  any  assuo^lons  regarding  the 
character  of  the  flow  in  the  nozzle.  However,  at  high  Mach  numbers  the 
function  M(pi,pt)  •  is  extremely  sensitive  to  small  changes  in  the 
ratio  Pi/Pf  Fpr  this  reason,  if  the  flow  is  isentropic,  the  values 
of  M  as  obtained  from  Pi/Po  Pt/Po  more  reliable.  The 

Mach  number  curves  of  figures  11  and  12  were  computed  from  the  faired 
Measure  curves  (figs.  9  and  lO).  The  Mach  number  distribution  is 
reasonably  uniform  in  a  region  6  inches  high  by  5  inches  wide  centered 
on  the  axis  of  the  tunnel.  The  average  ^ch  number  in  this  region  is 
about  6.86.*  The  good  agreement  between  M(P3^,Pq)  and  M(p^,Pq).  -in  this 
central  region  indicates  that  the  flow  is  very  nearly  isentropic. 

Flow-angle  surveys  were  made  in  the  yz  plane  at  X  *  $5*8.  The 
pressure  differences  across  the  opposite  surfaces  of  a  10®  wedge  together 
with  the  local  Mach  numbers  from  figures  IX  and  12  were  iised  to  compute 
the  flow  angles  from  the  oblique-shock  eqijations.  Typical  results  are 
shown  in  figure  13,  in  which  a  positive  value  of  ejj  is  taken  as  the  ,  . 
horizontal  flow  deflection  in  the  direction  of  increasing  T  and  a 
positive  value  of  €y  is  the  vertical  flow  deflection  in  the  direction 

of  Increasing  Z.  Figure  13(b)  indicates  that  the  flow  diverges  slightHy 
in  the  vertical  direction  from  the  tunnel  axis.  .  This  divergence  is  less 
than  0.3®  within  a  region  nearly  5  inches  square  in  the  center  of  the  test 
section.  Figure  13(a)  shows  a  sli^t  convergence  toward  the  center  at 
•  Z  s  0  and  a  slight  divergence  2  inches  above  and  below  this  station.  In  ^ 
figEure  13Cb)  the  curves  at  Y  «  0  and  Y  »  2  appear  to  be  asymmetrical 
in  regard  to  the  line  of  Sy  =  0.  This  effect  is  due  primarily  to 
inaccuracies'  in  construction  of  the  wedge.  T2iese  inacciu^cles  arid  the 
errors  in  setting  the  angle  of  attack  resulted  in  a  may-tmim  error  of 
about  0,2°  in  the  flow-angle  data. 

Stagnation-temperature  surveys  were  made  in  the  YZ  plane  at  X  =  55,8. 
The  results  of  these  surveys  are  presented  in  figure  l4  as  the  ratios  of 
the  absolute  stagnation  temperature  to  the  absolute  settling-chamber 
teii5)erature.  The  figure  indicates  that  an  approximately  constant  teii5>er- 
ature  recovery  of  98  percent  or  better  exists  in  a  region  which  corresponds 
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roughly  to  the  region  of  constant  static  and  lu^ct  ‘pressures.  The 
sharp  peaks  In  the  curves  of  To*/!©  the  horizontal  center  plane 
(2^0)  are  apparently  caused  hy  the  large  amount  of  heat  conducted 
toward  the  free  stream  as  a  result  of  the  large  statlc-tes^erature 
gradients  between  ‘  Y  =  2.'^  and  3*5  at  Z  -  0, 

General  discussion  of  the  nozzle  characteristics  and  correlation 
of  the~data.-  Th^cfenter-line  distribution  of  impact  pressures  (flg«  8) 
and  the  assun^rblon  of  zero  flow  angle  along  the  center  line  were  used  to 
construct  a  characteristics  net  ip  a  portion  of  the. nozzle  (fig.  15). 

The  net  was  extended  to  (55«8^0^2)  by  assuming  that  any  additional  dis¬ 
turbance  from-  the  wall  would  not  change  the  flow^  as  indicated  in 
figure*  15.  The  results  of  the  calculation,  axe  in  agreement  with  the 
impact-pressure  and  flow-angle  data  at  (55«8i0^^)  within  the  scatter  of 
the  data.  Since  the  .assumptions  in  regard  to  two-dimensional  flow  may 
not  be  strictly  correct  and  since  the  accuracy  and  extent  of  the  data 
are  limited,  the  agreement  obtained  by  this  method  may  be  subject  to 
qualification . 

Boundary-layer  growth  along  the  nozzle  contour  was  calculated  by 
-using  a  y- power  velocity  profile  and  the  density  and  kinematic  viscosity 

at  the  wall  to  evaluate  the  local  skin-friction  coefficient.  The  pres¬ 
sure  gradient  based  on  the  potential  flow.'  used.  These  calculations 
resulted  in  a  value-  for  5  of  about  0.6  Inch  at  X  =  55*  Integra¬ 
tion  of  the  survey  data  gave  an  actual  value  of  b*  between  0.70  and 
0.75  inch,  depending  on  the  ten5>erature  profile  assumed.  The  calcula¬ 
tion  also  Indicated  that  the  boundary-layer  growth  is  approximately 
linear  at  an  average  angle  of  0.7°  with  respect  to  the  surface. 

i 

The  results  from'  stream  static-  and  lugpact-pressure  surveys  along  ' 
the  axis  of  the  nozzle  Indicate  the  presence  of  a  series  of  compression 
and  expansion  waves.  The  effects  of  these  waves  are  difficult  to  meas¬ 
ure  in  the  Y2  plane  because  of  the  gnwi  1  i^ch  angles.  *  The  total-pressure 
loss  and  effect  of  the  waves  on  the  flow  are  negligibly  small  at  normal 
operating  pressures.  As  the  settling-chamber  pressure  Is  decreased,  a 
loss  in  total  pressure  as  indicated  by  the  magnitude  of  the  decrease  in 
Mach  nmber  is  noted. 

At  pormal  operating  pressures  the  nozzle  produces' an  Isentroplc- 
flow  region  6  inches  hi^.by  5  inches  wide  where  the  maximum  variation 
from  the  average  Mach  number  of  6.86  is  about  1  percent.  The  angular 
deviations  from  parallel  flow  In  this  region  are  less  than  1°  and  in  a 
region  nearly  5  Inches  square  flow  angles  were  less  than. 0.3°.  Studies 
Indicated  .that  the  flow  was  sensitive  to  changes  in  the  boundary  at  the 
slitlike  throat. 

Comparison  of  the  results  from  the  single-stage  nozzle  with  those 
from  the  two-stage  nozzle  (reference  l)  shows  that  the  single-stage 
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nozzle  is  far  superior  in  all  respects  except  in  the  variation  of  Mach 
number  with  time.  The  two-stage  nozzle  with  its  nearly  square  first 
minimum  did  not  suffer  from  first-minimum  boundary  change  with  heating 
of  the  nozzle  hlochs  and  consequently  had  no  variation  of  Mach  number 
with  time.  !Hie  more  xmiform  flow  and  flow  angles  on  the  order  of  l/lO 
of  those  in  the  two-stage  nozzle  make  the  single-stage  nozzle  more  suit¬ 
able  for  use  at  tliis  Mach  number. 

Significant  lnq)rovem8nt  Of  the  flow  in  this  nozzle  could  probably 
be  obtained  by  correcting  the  nozzle  contour  for  boundary  layer.  Hefine-. 
ments  of  this  nature  are  not  warranted,  however,  until  the  more  pronoimced 
varpage  effects  have  been  eliminated. 


CONCLUDpG ,  BBMARKS 


Flow  surveys  made  in  the  Langley  11-inch  hypersonic  tunnel  have 
shown  that  a  single-expansion  nozzle  produces  reasonably  unifom  flow 
with  an  average  ^ee-stream  >^ch  number  of  6.86.  llie  nozzle  was  designed 
for  a  Mach  number  of  7«08  by  the  method  of  characteristics  with  no 
boundary-layer  corrections.  Calibration  surveys  were  made  at  a  stagna¬ 
tion  pressure  of  25  atmospheres  and  a  stagnation  tenqperature  of  1210°  R. 
Jsentropic  flow  was  obtained  at  the  test  secftion  in  a  region  approxi¬ 
mately  6  Inches  hi^  by  5  inches  wide  where  the  maximum  deviation  from 
the  average  Mach  number  was  about  1  percent.  The  angular  flow  deflec¬ 
tions  in  this  region  were  less  than  1®,  and  in  a  region  nearly  5  inches 
square  the  flow  deflections  were  less  than  0,3°« 

The  test-section  Mach  number  was  found  to  increase  about  3  percent 
from  the  beginning  to  the  end  of  a  60-second  test  run.  This  variation 
was  found  to  be  caused  primarily  by  warpage  of  the  nozzle  blocks  near 
the  throat  of  the  nozzle  due  to  large  teiiq)erat\ire  gradients.  * 

Decreasing  the  settling-chamber  pressure  had  no  appreciable  effect 
on  the  Mach  number  distributions  until  the  pressure  was  decreased  below 
12  atmospheres.  Below  12  atmospheres  the  l&ch*nuniber  decreased  rapidly 
with  decreasing  settling-chamber  pressure. 


Langley  Aeronautical  Laboratory 

National  Advisory  Committee  for  Aeronautics 
Langley  raeld,  Va.,  S^tember  25,  1950 
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Plate  welded  to  nozzle  block 


Hole  for  diol  Indicator 

Oep>th  U2in.  Diameter  506  ki 


Figure  2.-  Cutaway  view  of  a  part  of  the  nozzle  vlth  the  type  of 

const:puctlon  shown. 


- Settling-chamber  flange 


Stainless-steel  nozzle  block 
of  welded  construction 
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Figure  5.-  The  average  variation  of  static-  and  ingact-pressure  ratios  and 
Mach  numiber  'with  settling-chamber  pressure  at  X  =  55*8^  Y  =  0^  and 

Z  =  -3  to  3. 


Mach  nunfoer  dititrihution  from  static  pressures  along' the  center 
line  of  the  side  plate. 
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Figure  9.-  Static-  and  Impact-pressure  ratios  plotted  against  horizontal 
station  at  X  *  55.8  and  Z  =  1,  -1,  and  0. 
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Figure  Static-  and  impact-pressure  ratios  plotted  against  yertlcal 
station  at  X  »  55-8  and  Y  «  2,  0,  and  -2. 


Mach  number 
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Y,  Inches 


Figure  12.x  M^h  nuzober  plotted  against  horizontal  station  at  X  »  ^^.8 

and  Z  s  o; 


28 


NACA  a?N  2223 


1,  ino33fi8 

‘  (a)  Tlofw  angle  plotted  against  horizontal  station. 


(h)  Flov  angle  plotted  against  -vertical  s-katlon 
Figure  13.-  Flow  angles  at  X  *  55«8- 
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Figure  Correlsi'blozL  of  irnfact-presBure  data.  aXocog  the  tuonel  axis 

vith  impact-pressure  and  flow-angle  ciata  at  X  =  and  Y  »  0  try 

construction  of  a  cbaracteilstics  net* 
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